The genetic variability, haplotype profile and ethnic differences of MDR1 polymorphisms in healthy Roma and Hungarian populations were analyzed and the results were compared with those of other populations available from the literature. Healthy subjects (465 Roma and 503 Hungarian) were genotyped for C1236T, G2677T/A and C3435T variants of MDR1 by PCR-RFLP assay. Differences were found between the Roma and Hungarian populations in the frequencies of MDR1 1236 CC (20.7 vs. 33.2%) and TT genotypes (30.8 vs. 21.9%), in T allele frequency (0.551 vs. 0.443) (p < 0.002), and in 3435T allele frequency (0.482 vs. 0.527, p < 0.04). Furthermore, the frequency of CGC, CGT and CTT haplotypes was significantly higher in the Hungarian population than in Roma (41.4 vs. 35.3%, 9.04 vs. 6.02% and 2.88 vs. 1.08%, respectively; p < 0.009), whereas the frequency of TGC and TTC haplotypes was higher in the Roma population than in the Hungarian (7.31 vs. 1.68% and 6.67 vs. 2.08%, respectively; p < 0.001). The prevalence of MDR1 polymorphisms in the Hungarian population is similar to that of other European populations; however, some differences were observed in the haplotype structures. In contrast, the Roma population differs from Hungarians, from Caucasians and from populations from India in the incidence of MDR1 common variants and haplotypes.
Introduction P-glycoprotein ¤P-gp¥ is a large ¤170 kDa¥ transmembrane protein that functions as an energy-dependent drug-transport pump and is responsible for multidrug resistance in cancer cells. 1¥ P-gp plays an important role in the bioavailability of a wide variety of drugs, including chemotherapeutic agents, cardiac drugs, antibiotics, steroids, immunosuppressants and HIV protease inhibitors.
2®4¥ P-gp is the product of the human multidrug resistance 1 ¤MDR1/ABCB1¥ gene. MDR1 is located on chromosome 7q21.1 and consists of 28 exons. 5¥ P-gp contains 1280 amino acids, 12 transmembrane domains and two ATP-binding sites. 6¥ MDR1 is constitutively expressed in excretory and barrier tissues, such as the intestine, liver, kidney, pancreas, brain, testis and placenta, and so most likely has protective and elimination roles.
4¥
MDR1 is highly expressed in cancer cells and plays a key role in anticancer and antiviral therapy.
7¥
The MDR1 gene is highly polymorphic; more than 100 polymorphic sites with a minor allele frequency higher than 5% are known. 8¥ Among MDR1 SNPs, many researchers have focused on the C3435T ¤rs1045642, Ile1145Ile, exon 26¥ synonymous variant. Individuals who are homozygous for the 3435T variant have a significant decrease in intestinal P-gp expression, and those being treated with digoxin are at risk of increased plasma levels. 9¥ The 3435C allele is associated with increased P-gp expression, while the 3435T allele is associated with decreased P-gp expression. 10¥ The 3435CC genotype is associated with a higher probability of complete remission from acute myeloid leukemia ¤AML¥, 11¥ a higher probability of drug-resistant epilepsy, 10¥ and longer steroid treatment in pediatric heart transplant patients. 12¥ The 3435TT genotype predicted a good response to preoperative chemotherapy for breast cancer 13¥ and is associated with no, or a low level of, MDR1 expression in carcinoma cell lines. 14¥ The distribution of the C3435T polymorphism is significantly influenced by ethnicity.
15®17¥
The frequency of the homozygous CC genotype is highest among the African population and lowest in south-west Asian groups. 16,18,19,94¥ The C3435T SNP is closely linked to other common polymorphisms, such as C1236T and G2677A/T. Reports on the effect of the 1236 ChT ¤rs1128503, Gly412Gly, exon 12¥ synonymous SNP are limited, with no conclusive findings on the functional aspects. The 2677GhA/T ¤rs2032582, Ala893Thr/Ser, exon 21¥ nonsynonymous variant has been well studied; however, associations between this SNP and P-gp function or expression have also not been conclusively determined. Several studies have demonstrated that 2677A-bearing subjects exhibit higher P-gp activity.
20¥ Some reports also suggest that 2677GG is associated with a higher probability of complete remission from AML. 11¥ The 2677A/T alleles are positive predictors of tacrolimus neurotoxicity in liver transplant patients. 21¥ The 2677A/T variant also showed variability among different ethnic groups. The 2677A allele appeared more common in Japanese and Korean populations.
18¥
Haplotype analyses may play an important role in the identification of genetic difference between ethnic groups. The functional effects of P-gp activity may also be related to MDR1 haplotypes. 1¥ Several clinical studies have shown that the 1236T-2677T-3435T haplotype is associated with reduced P-gp activity. 22¥ Some studies have demonstrated that MDR1 haplotypes differ greatly among ethnic groups. 6,18,23,24¥ The population of Hungary is largely made up of Hungarians; however, many ethnic minorities are also present, with the Roma forming the largest group. 25¥ As is well known, Roma minorities live all around the world. Evidence has been presented that Roma people are of Indian origin, 26®32¥ and thus have a different genetic structure than people of Caucasian origin. Roma ¤Gypsy/Romani¥ people originated in the northern part of the Indian subcontinent, a fact supported by genetic evidence. Of Romani males, 47.3% carry the Y chromosome of haplogroup H-M82, which is rare outside the Indian subcontinent. Mitochondrial haplogroup M, most common in Indian subjects and rare outside Southern Asia, accounts for nearly 30% of Romani people. 33¥ A more detailed study of Polish Roma shows this as an M5 lineage, which is specific to India. 34¥ Moreover, a special form of inherited congenital myasthenia is found in Romani subjects; this form of the disorder, caused by the 1267delG mutation, is also known only in subjects of Indian ancestry.
26¥
Hungarians are from the eastern side of the Ural Mountains, 35,36¥ thus the ancestry of the ancient Magyars also differs from that of the Europeans. The ancient Hungarians settled in the Carpathian Basin at the end of the 9th century after two millennia of migration from the far side of the Urals, via the steppe zone. 37¥ Studies on polymorphisms of mitochondrial DNA also support the Asian origin of Hungarians. 38¥ Previous studies of some pharmacogenetically relevant genes also revealed difference in genetic structure between Roma and Hungarian populations.
39,40¥
Since no relevant report on the Roma and Hungarian populations is available, in this study we determined the most relevant polymorphisms and haplotype profile of MDR1 in Hungarian and Roma population samples and compared the findings with results available for other ethnic populations in the literature, mainly with Caucasians and populations from India.
Materials and Methods
Study population: The DNA samples were from the central Biobank of the University of Pecs, part of the National Biobank Network of Hungary ¤www.biobank.hu¥ and the pan-European Biobanking and Biomolecular Resources Research Infrastructure ¤BBMRI¥ ¤http://www. bbmri.eu/bbmri/¥. The governance principles and maintenance management of the Biobank has been approved by the Hungarian National Research Ethics Committee. During the collection and analysis of DNA samples and the processing of the accompanying clinical and personal data, the guidelines and regulations of the Helsinki Declaration of 1975 and the currently operative national regulations were followed. DNA samples from 503 healthy Hungarians ¤269 men and 234 women, mean age 49 + 16 years, range: 20® 97 years¥ and 465 healthy Roma ¤167 men and 298 women, mean age 40 + 16 years, range: 18®90 years¥ were used in the study.
Molecular methods: Genomic DNA was isolated from peripheral leukocytes using the routine salting out method. Three MDR1 polymorphisms ¤MIM*171050¥ including C1236T ¤exon 12¥, G2677T/A ¤exon 21¥, and C3435T ¤exon 26¥ were analyzed. For primer design, the sequences deposited in GenBank were used.
Genotyping was carried out using the polymerase chain reaction ¤PCR¥ followed by restriction endonuclease digestion ¤RFLP¥. For detection of the C1236T ¤rs1128503¥ polymorphism, the following primers were used: 5$-AGCTATTCGAAGAGTGGGCA-3$ and 5$-GTCTAGCT-CGCATGGGTCAT-3$. The G2677T/A ¤Ala893Thr/Ser¥ ¤rs2032582¥ SNP was detected using two set of primers: 5$-GGTTCCAGGCTTGCTGT AAT-3$ ¤1¥ forward, 5$-TTTAGTTTGACTCACCTTCCCTG-3$ ¤1¥ reverse, and 5$-CAGCATTCTGAAGTCATGGAA-3$ ¤2¥ forward, 5$-GTCCAAGAACTGGCTTT GCT-3$ ¤2¥ reverse. For amplification of the target sequence of C3435T ¤rs1045642¥, 5$-GATGTCTTGTGGGAGAGGGA-3$ and 5$-GCATGTATGTTGGCCTCCTT-3$ primers were utilized. PCR amplification was carried out in a final volume of 50 µl on an MJ Research PTC 200 thermal cycler. PCR conditions were as follows: predenaturation for 2 min at 96ôC, followed by 35 cycles of denaturation for 30 s at 95ôC, annealing for 30 s at the primer-specific temperature, primer extension for 30 s at 72ôC, and final extension at 72ôC for 5 min. The annealing temperatures for the C1236T, G2677T/A ¤1¥, G2677T/A ¤2¥ and C3435T primers were 57ôC, 57ôC, 55ôC and 56ôC, respectively.
Ten microliters of PCR product of the C1236T, G2677T/A ¤1¥, G2677T/A ¤2¥ and C3435T primers was digested by BsuRI, HpyCH4V, RsaI and MboI restriction enzymes, respectively. The digested PCR products were separated by electrophoresis using a 3% agarose gel, stained with ethidium bromide and visualized by an UV transilluminator ¤Figs. 1®3¥. In the amplicons, there was an obligatory cleavage site to enable us to monitor the efficacy of the digestion. In samples with the 1236CC genotype, BsuRI cleaves the 418-bp PCR product in 35-bp, 105-bp and 278-bp fragments ¤Fig. 1¥. If the 1236 T allele was present in homozygous form, 105-bp and 313-bp fragments were detected. For GG homozygotes, the 213-bp PCR product ¤first set of primers¥ of the G2677T/A variant was digested into 23-, 72-, and 118-bp fragments ¤Fig. 2/A¥. In the presence of G and A/T bases ¤A group¥, the digestion resulted in 23-, 72-, 95-, 118-bp fragments; if the A/T bases ¤B group¥ were present, 95-and 118-bp amplicons were detected. All the samples analyzed with the first set of primers were amplified with the help of the second set of primers, except for samples with the GG genotype ¤Fig. 2/B¥. If the digestion of the 577-bp PCR amplicon of the second set of G2677T/A primers resulted in 277-and 300-bp fragments, the GT ¤A group¥ and TT ¤B group¥ genotypes could be detected; by the presence of 82-, 195-, 277-and 300-bp fragments the GA ¤A group¥ and TA ¤B group¥ genotypes could be detected. In samples with the AA homozygous genotype, the digestion resulted in 82-, 195-and 300-bp fragments. The 451-bp amplicon of the C3435T SNP in samples with the CC genotype was digested to give 34-, 172-and 245-bp fragments; in TT homozygotes, the digestion resulted in 206-and 245-bp fragments ¤Fig. 3¥. For random control of the assays, we used direct sequencing with the same primers utilizing an ABI PRISM 3100 AVANT genetic analyzer.
Statistical analysis of data: Statistical significance ¤p g 0.05¥ was assessed by Û 2 test to compare the differences between the studied groups. Statistical analyses were performed by applying Excel for Windows and SPSS 11.5 package for Windows ¤SPSS Inc., Chicago, IL¥. The three common exonic polymorphisms analyzed enabled us to establish the haplotype profile of the Roma and Hungarian populations by allele counting.
Results
The allele and genotype frequencies of the MDR1 polymorphisms studied in the Hungarian and Roma populations are shown in Table 1 . The allele and genotype frequencies of the MDR1 SNPs studied were in HardyWeinberg equilibrium in Roma and in Hungarian subjects.
Significant differences were observed in the presence of CC ¤20.7 vs. 33.2%¥ and TT ¤30.8 vs. 21.9%¥ genotypes of the MDR1 C1236T polymorphism, the percentage of CT¦TT ¤79.4 vs. 66.8%¥ carriers and the T allele frequency in Roma compared to Hungarians ¤p g 0.002¥, respectively. The most common allele identified in Hungarians was 1236C ¤0.557¥, while in Roma the 1236T ¤0.551¥ allele was most frequent. In contrast, no significant difference was observed between Roma and Hungarian populations in the G2677T/A polymorphism. Subjects carrying two rare alleles ¤TA¥ were twice as common in the Roma population as in Hungarians ¤1.3 vs. 0.6%¥. In the MDR1 C3435T SNP ¤exon 26¥, a higher frequency of the T allele was observed in Hungarians compared with that in Roma ¤0.527 vs. 0.482, p g 0.05¥.
MDR1 haplotype frequencies, estimated from the genotype data, were compared between the two studied groups ¤Table 2¥. There were 12 possible MDR1 haplotypes, and their frequencies were statistically different between the Roma and Hungarian populations. All 12 possible haplotypes were observed in Roma, compared with 11 haplotypes in Hungarians: the 1236T/2677A/3435C haplotype was not detectable in the Hungarian population. The two most frequent MDR1 haplotypes both in Roma and Hungarian populations were TTT ¤36.0 vs. 37.5%¥ and CGC ¤35.3 vs. 41.4%¥. The statistical analysis revealed significant differences in the prevalence rates of CGC, TGC, TTC, CGT and CTT haplotypes between healthy Roma and Hungarian populations ¤p g 0.009¥. The occurrence of the TGC haplotype was four-fold higher in Roma than in Hungarians ¤p g 0.001¥. In addition, the presence of the TTC haplotype was three-fold higher in Roma than in Hungarians ¤p g 0.001¥, whereas the frequency of the CTT haplotype was three-fold higher in the Hungarian than in Roma group ¤p g 0.004¥. 
Discussion and conclusions
Interethnic differences in responses to drugs are related to genotypic variants of key enzymes and proteins that effect the safety and efficacy of a drug in individual patients.
41¥
MDR1 polymorphisms alter P-gp conformation and inhibit its function by changing the substrate specificity, which results in decreased P-gp activity.
1,9¥
The genetic variability of the major MDR1 polymorphisms varies among ethnic groups, as summarized in Table 1 and  Table 3 . The frequency of the 1236T allele varies between 0.123 in Sub-Saharan Africans 94¥ and 0.718 in Chinese, 42¥ with a higher range in Asians ¤0.656®0.718¥ 42®46¥ and a lower range in Caucasians ¤0.380®0.483¥.
9,43,47®53¥ The 1236T allele frequency in Hungarians ¤0.443¥ was similar to that of most other Caucasians. The 1236T allele frequency in the Roma population differs significantly from that in Caucasians ¤0.551 vs. 0.410, p g 0.001¥
15¥ and was very similar to the frequency found in populations from India ¤0.609, 0.672¥.
42,54¥
The T allele frequency in exon 21 ¤G2677A/T¥ also exhibits interethnic variations. The lowest frequency was observed in Brazilians ¤0.180¥
55¥ and the highest in a population from India ¤0.598¥. 42¥ The frequency of the 2677A allele varied between 0.003 in the Czech population 47¥ and 0.576 in the Polish population, 49¥ but it could not be detected in a number of populations. We did not find any difference in G2677A/T genotype and allele distribution between either of our studied groups and the Caucasian population;
15¥ however, the Roma population differs from the population from India in terms of the frequencies of 2677T and 2677A alleles.
54¥
The 3435T allele frequency ranged from 0.110 in Sub-Saharan Africans 96¥ to 0.663 in the Southwest Asian population. 16¥ Studies in African populations reported very low 3435T allele frequencies: 0.170 in Ghanaians and Kenyans; 0.270 in Sudanese, and 0.165 in AfricanAmericans. 16¥ The exception was the frequency found in Egyptians ¤0.403, 0.520¥.
56,57¥ The dominance of the C allele may be a consequence of natural selection, because the C allele represents an advantage against gastrointestinal tract infections. 19¥ The Hungarians were very similar to the Caucasians in terms of 3435T allele frequency. The 3435T allele frequency in the Roma population differs significantly from that in Caucasians, 15¥ but the frequency found in Roma was also much lower than in populations from India.
17,42,54,58,59¥ Continued on next page: The majority of studies have focused on the C3435T SNP alone, instead of focusing on all the polymorphisms. 60¥ From the findings in the literature, it is clear that the establishment of detailed ABCB1 gene haplotype profiles specific for each ethnic group is important. 61¥ Few of the MDR1 haplotypes have shown association to phenotypes with over-expression of the protein. 9¥ Bandur et al. reported that the CGT haplotype increased the risk of acute rejection 1.4 times in renal transplant patients. 62¥ The CGC, TGC and TTT haplotypes were previously associated with drug-resistant epilepsy. 63¥ Futhermore, in the study of Panczyk et al., the TTT haplotype was associated with colorectal cancer. 64¥ A detailed comparison of haplotype profiles of both the groups studied and other populations is provided in Table 2 . For Caucasians, two sets of data are listed because there were considerable differences between the two groups found in the literature. The Roma population showed significant differences in TTT, CGC, TGC, TTC, CGT, TGT, CTT, TAT and CAC haplotypes when compared to Caucasians and to the Czech population.
23,62¥ However, Roma were more similar to the Indian population, and differences could be observed only in TTT, CGC, TTC and CTT haplotypes ¤p g 0.02¥. 63¥ The haplotype structure of the Hungarian population differed also from the Caucasian and Czech populations. Significant differences were found in TTT, CGC, CGT, TGT, CTT, TAT and CAC haplotypes.
23,62¥ In a previous study of Hungarian acute lymphoblastic leukemia patients, the dominating haplotypes were TTT and CGC, in accordance with our results here.
65¥
In conclusion, this is the first study reporting MDR1 polymorphisms and haplotypes in Hungarian and Roma populations. The Roma population differed significantly from Hungarians and Caucasians in most MDR1 variants studied, and also from populations from India. Our findings suggest that Roma people are at increased risk, compared to the Hungarian population, of drug-induced side effects and resistance development to a number of drugs because of diminished drug elimination. In addition, we can conclude that Hungarians do not differ significantly from Caucasians in terms of major MDR1 variants, but some differences were observed in MDR1 haplotype structure. 
